Endosomes transport lipids and proteins over long distances by shuttling along microtubules. They also carry mRNAs on their surface, but the precise molecular function of this trafficking process is unknown. By live cell imaging of polarized fungal hyphae, we show microtubule-dependent transport of septin mRNA and encoded septin protein on the same shuttling endosomes. Consistent with the hypothesis that septin mRNA is translated on endosomes, the accumulation of septin protein on endosomes requires the recruitment of septin mRNA. Furthermore, ribosomal proteins co-localise with shuttling endosomes, but only if mRNA is present. Importantly, endosomal trafficking is essential for an efficient delivery of septin protein to filaments at growth poles, a process necessary to establish unipolar growth. Thus, we propose that local mRNA translation loads endosomes with septins for assembly and efficient delivery to septin filaments.
Introduction
A wide-spread mechanism for intracellular long-distance trafficking is the microtubule-dependent transport of endosomes. These function as carrier platforms for membrane lipids and proteins [1] . Particularly in highly polarized cells, endosomes shuttle extensively along microtubules to coordinate antero-and retrograde trafficking [2] . In addition to the typical cargos, endosomes are important for the transport and subcellular localisation of mRNAs [1, 3] .
Cytoskeletal transport of mRNAs is commonly assumed to position mRNAs within the cell for their local translation, an important mechanism to mediate spatial gene expression [4, 5] . Key components of the transport machinery are sequence-specific RNA-binding proteins that act in concert with other RNA-binding proteins, such as the poly(A)-binding protein, to form large complexes called messenger ribonucleoproteins (mRNPs). These mRNPs are connected to molecular motors via adaptor proteins for transport along the cytoskeleton. mRNA translation commonly occurs upon its deposition at the final destination [6] . However, it is also often observed that mRNPs shuttle extensively back and forth without recognisable deposit and the precise molecular reason for this remains elusive [4] .
In Ustilago maydis a morphological switch from yeast cells to unipolarly growing hyphae is a prerequisite for pathogenicity. The formation of these highly polarized cells depends on microtubuledependent mRNA transport. In the absence of functional microtubules or molecular motors such as kinesins and dynein, hyphae grow bipolar and the insertion of retraction septa is disturbed [7] . A crucial component in this process is the RNA-binding protein Rrm4, which is responsible for the transport of mRNAs such as ubi1 and rho3 encoding a natural ubiquitin fusion protein and a small G protein, respectively (supplementary Movie S1, [8] [9] [10] ). However, transported mRNAs do not accumulate at distinct subcellular sites. Thus, the precise role of mRNA transport is still unclear [9] . Recently, we discovered that mRNAs are co-transported with Rrm4-positive endosomes shuttling along microtubules [3] . Importantly, loss of Rrm4 does not interfere with endosomal movement, but endosomes lacking mRNAs appear to be disturbed in promoting polar growth [3] .
In this study we focused on the septin Cdc3 [11, 12] because its mRNA constituted an in vivo target of Rrm4 in previous CLIP experiments [9] . Septins are ubiquitous guanosine triphosphatases that assemble into higher-order structures such as rings and filaments [13] . Thus, the septin Cdc3 was a prime candidate to link Rrm4 function to morphological defects of corresponding mutants.
Results and Discussion
Cdc3 is important during establishment of unipolar growth To investigate the role of Cdc3 in cell polarity we analysed deletion strains in the genetic background of strain AB33 (supplementary Table SI-II) in which unipolar hyphal growth can be elicited by switching the nitrogen source. Hyphae grow with a defined axis of polarity expanding at the growth pole and insert retraction septa at the basal pole (supplementary Fig S1A) . Four hours post induction (h.p.i), a significant number of cdc3D hyphae grew bipolar, lacking retraction septa reminiscent of defects observed in rrm4D strains (Fig 1A and B ; [11] ). However, the majority of cdc3D cells switched to correct unipolar growth and also formed septa after prolonged induction (6 and 9 h p.i.; supplementary Fig S1B-C) . To further investigate these temporal morphology differences, hyphae were treated with calcofluor-white that stains chitin at growth poles and retraction septa. Remarkably, only one growth pole was predominantly stained in bipolar rrm4D hyphae (supplementary Fig S1D) , indicating that these initially elongate at one pole and subsequently switch growth direction to form an alternative second growth pole. Consistently, the number of bipolar rrm4D hyphae was increasing over time (supplementary Fig S1C) . In contrast, bipolar cdc3D hyphae are able to switch to correct unipolar growth at later points in time (supplementary Fig S1B-C) . In comparison to each single deletion mutant the rrm4D/cdc3D double mutant was more severely affected in unipolar growth and septum formation (Fig 1A and B; supplementary Fig S1B-C) , indicating that both Rrm4-mediated mRNA transport and correct septin function are crucial for efficient unipolar growth.
Rrm4 mediates microtubule-dependent transport of septin cdc3 mRNA Next, we addressed whether cdc3 mRNA is a target of the Rrm4-dependent mRNA transport machinery. Previously, we have shown that Rrm4 co-localises with distinct endosomes that can be stained with the lipophyllic red-fluorescent dye FM4-64, are positive for the SNARE Yup1 and transported by Kin3 and split dynein [3] . To quantify endosomal localisation of Rrm4 we analysed the dynamic co-localisation in hyphae expressing Rrm4G and the small G protein Rab5aC N-terminally fused to mCherry (see Materials and Methods). Rab5aC served as a marker for this endosomal compartment (supplementary Fig S2A, Movie S2 ; [14] ) and localised to distinct shuttling endosomes independent of Rrm4 (supplementary Fig S2B , Movie S2; [3] ).
We detected 48 (AE 8) Rrm4G-positive signals on shuttling units per hyphae (668 Rrm4G signals in 14 hyphae). To reduce background staining of Rab5aC (supplementary Fig S2C) , hyphal tips were bleached and immediately analysed via millisecond alternating laser excitation microscopy (msALEX). 81% of bidirectionally moving Rrm4G and Rab5aC signals co-localised, indicating the presence on identical shuttling endosomes (supplementary Fig  S2C; 126 endosomes in 6 hyphae). Occasionally, when only Rrm4G signals were observed it was unclear whether the Rab5aC signal was below the detection limit, resulting in a potential underestimation of co-localising signals. In fact, since Rrm4G did not stain additional cytoplasmic structures (supplementary Movies S1 and S2) it can be considered a specific marker for this endosomal compartment [3] .
To study cdc3 mRNA transport we applied RNA live imaging [9] . For mRNA visualisation, a modified kN* peptide (supplementary Fig S2D) fused to double Gfp (kN*G 2 ) was expressed under control of an arabinose-inducible promoter and 16 copies of the corresponding boxB binding sites were inserted in the 3′ UTR of cdc3 (cdc3B
16
; Fig 1C, see Methods) . This set-up for the first time allowed detection of transported mRNAs at endogenous expression levels (Fig 1D; supplementary Movie S3). Comparable to previous results [9] , we observed three types of particles: static ones, particles with short and restricted movement as well as particles that moved in a distinct direction, termed directed particles (supplementary Movie S3). The latter were particularly interesting, because their movement resembled those of target mRNAs co-localising with Rrm4 [9] . In contrast, hyphae lacking boxB 16 -containing mRNAs did not show directed movement of kN*G 2 (13 hyphae analysed).
About one directed cdc3B 16 mRNA particle was present per hypha ( Fig 1E) . No significant difference in velocity or directionality was determined comparing mRNAs moving towards the growth pole or the septum of hyphae (Fig 1E) . The range of directed movement was from 2.4 to 38 lm (Fig 1E) . In some cases, particles exhibiting restricted movement started to move directed and vice versa (supplementary Fig S2E) , likely resembling on-and offloading of mRNPs from the transport machinery. Loss of directed movement occurred all along the hypha, however, we did not specifically observe such potential offloading events at the growth pole or an accumulation of cdc3B 16 mRNA at the hyphal tip ( Fig 1D, supple- mentary Movie S3). Deletion of rrm4 resulted in the loss of directed particles leaving only immobile or restricted moving cdc3B 16 mRNAs (Fig 1E and F; supplementary Movie S4). Importantly, the absence of Rrm4 resulted in a decrease of neither cdc3 mRNA nor of protein amounts (supplementary Fig S2F-G) .
To address whether cdc3B 16 mRNAs co-localise with Rrm4-positive endosomes, Rrm4C (fusion to mCherry) was expressed in strains expressing kN*G 2 and cdc3B 16 . Recording real time movies via msALEX revealed that cdc3B 16 mRNAs co-localised in vivo with Rrm4C on shuttling endosomes ( Fig 1G) . Thus, cdc3 mRNA is a target of the Rrm4-dependent mRNA transport machinery.
Cdc3 localises on shuttling endosomes in the presence of Rrm4
To find out whether Rrm4-dependent transport of cdc3 mRNA determines the correct subcellular localisation of the corresponding Cdc3 protein, we analysed a functional N-terminal Gfp fusion (Cdc3G; Fig 1A and B) . This confirmed the previously described septin accumulations at distinct subcellular sites such as septa and filaments (supplementary Fig S3B, Movie S5, [11, 12] ). Furthermore, the Cdc3G signal was stronger in filaments at growth poles than in the rest of the hyphae (Fig 2A; supplementary Fig S3A) . Notably, this unequal distribution was abolished by treatment with the microtubule inhibitor benomyl and not detectable in rrm4D mutants (Fig 2A  and B) . Instead, in both cases Cdc3G formed small circles (< 1 lm in diameter; Fig 2A and B) , known from the septin Cdc10 in cells grown under suboptimal conditions [12] . This suggests that although septin filaments can be formed in the absence of Rrm4, Rrm4-dependent microtubule transport is essential for correct septin filamentation, particularly at hyphal tips. Intriguingly, Cdc3G exhibited an additional, yet unknown localisation on shuttling units that resembled Rrm4-positive endosomes A Hyphae of AB33 derivatives 4 h after induction of polar growth (DIC images; size bar, 10 lm). B Percentages of hyphae after 4, 6 and 9 h p.i.. Unipolarity, bipolarity and septum formation was quantified (error bars, s.e.m.; n = 3 independent experiments, 2422 filaments were counted in total; note that septum formation is given relative to the values of unipolar or bipolar hyphae set to 100%). C Components of the modified kN* RNA reporter system (P crg1 , arabinose-regulated promoter; T nos , heterologous transcriptional terminator; cdc3B 16 Fig 2C) and was no longer detectable in rrm4D mutants (Fig 2D, supplementary Movie S7). In contrast, in budding cells Cdc3G was rarely observed on shuttling units (Five events in 80 cells; supplementary Fig S3C) . For co-localisation studies the signal of Cdc3G was increased using a strong, constitutively active promoter (P otef , supplementary Table SI ). This did not alter hyphal morphology. Co-staining with the red-fluorescent dye FM4-64, which marks Rab5a-and Rrm4-positive endosomes [3, 15] , revealed that Cdc3G is associated with this specific endosomal compartment (supplementary Fig S3E) . Consistently, Cdc3G co-localised almost exclusively with Rrm4-positive endosomes (Fig 2E; 97% of endosomes contained both proteins, supplementary Movie S8). Taken together, we observed two specific subcellular locations of septin Cdc3G which are dependent on Rrm4: in a filament gradient at the growth pole and on shuttling Rrm4-positive endosomes.
mRNA transport is crucial for endosomal localisation of Cdc3 We observed that cdc3 mRNA and protein localise to the same endosomal compartment (Figs 1G and 2E) . In other systems, colocalisation of mRNAs and encoded proteins occur at the site of translation. Importantly, when mRNAs mislocalise the translation products also alter their location [6] . To investigate whether translation of cdc3 mRNA takes place on Rrm4-positive endosomes, it was critical to show dynamic co-localisation of mRNA and protein at the same endosome. Thus, we overexpressed cdc3CB 16 mRNA with the constitutively active P otef promoter at the endogenous locus encoding the mCherry fusion Cdc3C and carrying 16 kN-binding sites in its 3′ UTR (Fig 3A) . Live cell imaging confirmed that kN*G 2 -labelled cdc3CB 16 mRNAs indeed co-localised with Cdc3C on the same shuttling endosomes (Fig 3A) . However, Cdc3G protein was present at numerous endosomes, whereas cdc3B 16 Fig S3D, at least four fission events in 24 s) indicating an intensive exchange of membrane-associated cargo. Thus, we propose that local translation of cdc3 mRNA is needed for the entry of the encoded protein into this specific endosomal compartment and the observed distribution of translated Cdc3 throughout the entire endosomal compartment can be achieved by fusion and fission events. We then tested whether the Rrm4-dependent localisation of cdc3 mRNA is a prerequisite for the presence of Cdc3G protein on endosomes. To this end we made use of two characterised Rrm4 mutants. Rrm4 mR1 carries a four amino acid block mutation in RNP1 of RRM1 [3] . This mutation does not interfere with the endosomal localisation of Rrm4 (Fig 3B and C) but affects mRNA binding [8] as visualised by the subcellular localisation of the poly (A)-binding protein Pab1 [3] . In wild-type cells Pab1G shuttles extensively throughout the whole hypha without subcellular accumulation (Fig 3B) . In strains expressing Rrm4 mR1 shuttling of Pab1G is drastically reduced (Fig 3C) . Analysing cdc3 mRNA transport in this mutant background revealed that endosomal transport of cdc3B 16 mRNA was drastically reduced and the maximal run length was lower (Fig 3D and  supplementary Fig S3F) . Importantly, the reduced amount of shuttling cdc3B 16 mRNAs correlated with the loss of Cdc3G protein on shuttling endosomes (Fig 3E) , suggesting that a certain threshold of mRNA is needed to load the septin on endosomes (see below). The second mutant, Rrm4 RRMD , lacks all three N-terminal
RRMs [3] . This Rrm4 version still shuttled on endosomes (Fig 3B  and 3F ) confirming that Rrm4 is an integral part of the transport machinery and not hitchhiking on mRNAs [3] . As expected, Pab1G-labelled mRNAs were no longer detectable on Rrm4-positive endosomes (Fig 3F) . Endosomal co-transport of cdc3B 16 mRNA was almost abolished (Fig 3G and supplementary Fig S3F) . Consistent with results obtained in rrm4D strains (Fig 2D) shuttling of Cdc3G protein on endosomes was lost (Fig 3H) . Taken together, cdc3 mRNA and protein co-localise on the same endosome and the presence of cdc3 mRNA is crucial for the entry of the encoded protein into this specific Rrm4-positive endosomal compartment. This strongly suggests that local translation on endosomes takes place.
Ribosomal proteins co-localise with shuttling Rrm4-positive endosomes As an additional line of evidence for endosome-coupled translation we studied ectopically expressed C-terminal Gfp fusions of ribosomal proteins originating from both subunits. Based on structural predictions and previous work performed in Saccharomyces cerevisiae the ribosomal proteins Rps2, Rps19 and Rpl25 were selected (supplementary Table SI ). All three proteins predominantly localised in the cytoplasm with a faint accumulation in the nucleus or nucleolus (Fig 4A) . Moreover, shuttling of all three ribosomal proteins with Rrm4-positive endosomes was detectable after local photobleaching (Fig 4A and B ; supplementary Movie S9). Closer inspection of Rps2G revealed that shuttling was lost in the absence of Rrm4 (Fig 4C) . Thus, Rrm4 is not only required for the recruitment of the poly(A)-binding protein Pab1 to endosomes (Fig 3F, supplementary Movie S1, [9] ) but also essential for endosomal localisation of ribosomal proteins, cdc3 mRNA and Cdc3 protein. 
Rrm4 function is essential for correct formation of Cdc3 filaments
To study the function of endosomal septin transport we investigated whether endosomes may transport Cdc3 along microtubules and deposit it for assembly in filaments at growth poles. Hyphae expressing Cdc3G were bleached at the growth pole and fluorescence recovery was determined over time (Fig 5A, supple- mentary Fig S4A and B , Movie S10). Note that, according to the experimental set-up, hyphae were analysed for a prolonged time under the coverslip such that the Cdc3G gradient did not recover to the same extent than under optimal growth conditions (Fig 2A) . The half time of recovery (t 1/2 ) was 6 min (Fig 5B and C) , comparable to previous studies on septin rings in S. cerevisiae [16] and consistent with a dynamic assembly process (Fig 5B and C, supplementary Fig S4A-B, [17] ), suggesting that Cdc3G is indeed incorporated into septin filaments at the hyphal growth pole.
In hyphae treated with benomyl, t 1/2 was substantially increased to 12 min (Fig 5B, supplementary Fig S4A) . This indicates that although microtubule-dependent transport is not essential for filament formation, this cellular transport process is important for efficient accumulation of Cdc3G at the growth pole. This is in accord with the altered steady-state distribution of Cdc3G in benomyl-treated hyphae (Fig 2A) . Consistently, FRAP analysis of hyphae expressing Rrm4R
RRMD also revealed an elevated t 1/2 of recovery of 12 min (Fig 5C, supplementary Fig S4B) . For comparison we analysed the recovery of constitutively expressed cytoplasmic Gfp. Recovery was in the order of seconds (supplementary Fig S4C-D) indicating that free cytoplasmic Cdc3G would reach the growth pole within seconds, again arguing for an assembly process [17] .
An alternative hypothesis is that endosomal mRNA transport could deposit cdc3 mRNA at the growth pole for local translation followed by incorporation into septin filaments. However, bleaching the hyphal tip should have excluded that newly translated and maturated Gfp fused to Cdc3 contributed to the fluorescence recovery measured at this site. By irradiating the whole filament with moderate laser intensity we photobleached the vast majority of Gfp molecules and measured the recovery by newly translated and maturated Gfp. Within 15 min we did not measure an increase in fluorescence (supplementary Fig S4E-F) confirming that de novo synthesis of protein takes substantially longer than the measured half live of recovery of 6 or 12 min and thus, does not contribute substantially to the recovery of our FRAP analysis. Therefore it is highly unlikely that mRNA transport and local translation at the hyphal tip constitutes a relevant process (see below).
Septin Cdc12 is essential for endosomal localisation of Cdc3
Septins constitute important cellular proteins involved in cytokinesis and membrane dynamics [13, 18] . Their assembly into higher-order structures is essential for septin function. According to current views, septins form heterooligomeric complexes [13] . A possible function for endosome-coupled translation could be the assembly of septin building blocks on endosomes for subsequent delivery. To obtain indications for such a process, we analysed a second septin Cdc12 that directly interacts with Cdc3 in S. cerevisiae [18] . Cdc12G also localised in filaments (supplementary Fig S5A) that, however, did not form a gradient emanating from the hyphal tip. This suggests that the stoichiometry of septin building blocks within filaments can differ between subcellular regions of the hyphae. Interestingly, comparable to Cdc3G, Cdc12G also localised to bidirectionally moving units that shuttle throughout the filament (supplementary Fig S5B) . Movement was inhibited by benomyl treatment (supplementary Fig S5B) and Cdc12G signals co-localised with FM4-64 (supplementary Fig S5C) demonstrating endosomal shuttling of Cdc12G. Importantly, in hyphae of cdc12D strains, Cdc3 did not localise to shuttling endosomes (supplementary Fig S5D) . Moreover, loss of Cdc12 disturbed the formation of Cdc3G-containing septin filaments and caused defects in unipolar growth (60% bipolar hyphae 6 h p.i.; supplementary Fig S5E) . These data are consistent with our hypothesis that at least some steps in septin assembly take place on endosomes and might be a prerequisite for the formation of functional septin filaments.
Conclusions
Studying mRNA transport revealed that cdc3 mRNA is an in vivo target of the Rrm4-dependent transport machinery that hitchhikes on endosomes (supplementary Fig S6A; [3] ). Two scenarios are conceivable to explain this observation. In the classic view, the endosomal mRNA transport machinery would deliver the mRNA in concert with the translation apparatus to the growing tip (supplementary Fig S6B) . Translation in this region would lead to synthesis of Cdc3 protein, which is incorporated into filaments. Alternatively, loading of endosomes with septin protein might be mediated by endosomecoupled translation of cdc3 mRNA (supplementary Fig S6C) . At present, we cannot rule out with certainty that transport and local translation takes place at the hyphal tip, but based on the following in vivo observations we favour the second hypothesis: (i) FRAP experiments excluded that newly synthesised protein generated by translation at the hyphal tip contributes substantially to the observed microtubule-dependent recovery of septin Cdc3 in filaments at the growth cone. (ii) RNA live imaging did not reveal any deposition or accumulation of cdc3 mRNA at the hyphal tip. (iii) cdc3 mRNA and the encoded protein co-localise at identical shuttling endosomes. (iv) Cdc3 protein only localises to the Rrm4-positive endosomal compartment if mRNAs are present, while Cdc3 protein that is translated in the cytoplasm is unable to associate with shuttling endosomes. Note that loss of Rrm4 did not result in a decrease of cdc3 mRNA or protein amount (supplementary Fig. 2F and G) . (v) Ribosomal proteins of both subunits co-localise with shuttling endosomes, and this depends on the presence of mRNA. Consistently, also the localisation of Pab1 on endosomes is dependent on mRNA [3] . (vi) Finally, Cdc3 protein is hardly found on shuttling endosomes in the yeast form. This correlates with our previous finding that RNA binding by Rrm4 is substantially lower in yeast cells [8] .
Active bi-directional transport of mRNAs without an obvious destination has been widely observed and seems like a waste of energy. Thus, its cellular role has been a long-lasting mystery [19, 20] . In mammalian neurons, for example, intensive shuttling of mRNAs is observed without strong accumulation at specific subcellular sites. This process was compared to a sushi belt continuously serving demanding synapses with mRNAs [4] . Here, we provide a novel explanation for these phenomena: mRNAs shuttle while being locally translated on moving endosomes. This cell biological process might not be restricted to U. maydis, because Kinesin-3 type motors like Kif1B, which are known to function in vesicular transport, are also involved in mRNA trafficking in neurons [21, 22] . Moreover, septins were previously purified from presynaptic vesicles and they exhibit vesicle-like staining patterns in neurons [13] .
In general, endosomes mainly receive their cargo from other membranous compartments by fusion with transport vesicles [23] . We here uncover that septin protein can also be loaded onto moving endosomes by local translation comparable to the aerial refuelling of planes. This new mechanism targets the cargo to the correct subcellular destination opening up additional unanticipated insights into protein trafficking via these multipurpose platforms.
Materials and Methods
Plasmids, strains, and growth conditions Standard molecular biology techniques were applied and growth conditions were described previously [3, 24] .
Microscopy and FRAP experiments
Standard microscopy was carried out as described before [3] . RNA live imaging and co-localisation studies were performed using a laserbased epifluorescence microscopy set-up (Zeiss Axio Observer.Z1; [3] ). An area of 15 lm from hyphal tips was bleached with 10% laser power (80 mW nominal power VisiFRAP 2D-System, Visitron Systems, Munich, Germany).
Benomyl and FM4-64 staining
Benomyl was added to 20 ml of liquid culture (50 lM f.c.) that was grown for at least one additional hour at 28°C and 200 rpm before microscopical analysis. For FM4-64 staining an aliquot of the filament suspension was labelled with 0.8 lM FM4-64 (Life Technologies, Darmstadt, Germany). After 30-60 s of incubation at room temperature samples were analysed microscopically.
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